NONINVASIVE imaging technique capable of visualizing anatomical details of the spinal cord has long been wanting in the neurosurgical field. We have recently developed a novel color-coded contrast method for magnetic resonance (MR) imaging that provides superb resolution of the spinal cord in live animals (T Nakada: U.S. Patent Application (UC 94-120-1)). 16 The imaging technique, referred to as three-dimensional contrast anisotropy (3DAC) MR imaging, is based on a novel algorithm that deals with a diffusion tensor (see Appendix 1), which allows for extraction of anisotropic components as anisotropic diffusion vector D app A by isotropic elimination (see Appendix 2 for details). Contrary to intuition, this algorithm calls for very simple implementation processes that ensure immediate clinical application. Only three axial anisotropic diffusion weighted images (DWIs) have to be obtained. The trichromatic characteristics of visible light, 4 namely, elimination of hue by the summation of three primary colors of the same intensity, and correlation of hue (color frequency) to a specific ratio of these three primary colors (trichromatic coefficient), provide two critical components for 3DAC processing, namely, isotropic elimination and vector display of D app A within a single pixel. The final images exhibit cross-sectional images of the spinal cord in full visible color spectrum, encoding information regarding neuronal fiber direction and density (MR axonography). 15, 16 In the present study, we investigated the sensitivity of 3DAC in detecting pathological changes by obtaining MR axonography images of the rat spinal cord immediately after induction of cardiac arrest. Quantitative analyses of chronological changes in anisotropy were performed by obtaining the trichromatic coefficients of representative areas to characterize D app A alteration in three-dimensional space.
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Materials and Methods

Animal Preparation
Ten adult Sprague-Dawley rats were used in these experiments. Animals were anesthetized by intraperitoneal administration of pen-ߜ The recent development of magnetic resonance (MR) axonography, which uses three-dimensional anisotropy contrast (3DAC), a new algorithm for the treatment of an apparent diffusion tensor, has provided an unprecedented opportunity for visualizing the anatomical details of the spinal cord in live animals. In this study, the authors investigated the sensitivity of the 3DAC method in detecting pathological conditions by obtaining chronological MR axonography of the rat spinal cord immediately after induction of cardiac arrest. The results clearly demonstrated that 3DAC is highly sensitive to any perturbation of physiological conditions. Trichromatic coefficient analyses indicated postmortem changes observed pictorially are indeed due to loss of anisotropy. The study further indicated the presence of at least two independent factors responsible for observed physiological anisotropy. Considering its rather simple implementational process and high anatomical resolution as well as its sensitivity to pathological alteration, MR axonography based on the 3DAC method appears to be the ideal noninvasive imaging technique for assessment of the spinal cord in biomedicine.
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A tobarbital (50 mg/kg). The body temperature of the animals was maintained at 37˚C by applying a nonmagnetic heating pad. Cardiac arrest was precipitated by intravenous infusion of KCl (20 mEq, 5 ml) through a femoral cannula. Live animals as well as animals that were 1, 2, 3, and 4 hours post mortem were used to obtained 3DAC images. Reproducibility of the postmortem data was confirmed by repeating the same protocol three times.
Data Acquisition
A 7-tesla system (GE Omega; General Electric, Fremont, CAnow run by Brucker) equipped with a self-shielding gradient coil (Nalorac Cryogenics, Martinez, CA) was used. The radiofrequency coil was a 3-in. (inner diameter) bird-cage coil. A 50-mm ϫ 50-mm field of view was observed using a 256 ϫ 256 matrix of data points providing approximately 195-m ϫ 195-m spatial resolution.
Images were obtained at 300.49 MHz with a slice thickness of 3 mm using a Stejskal-Tanner sequence. 19 Raw data were obtained using 128 phase-encoding steps (the sum of eight scans for the T 1 -weighted image and four scans for the remaining images) and zero-filled into 256 data points. The acquisition parameters for T 1 -and T 2 -weighted images were: repetition time (TR) 400 msec, echo time (TE) 18 msec for T 1 , and TR 1.5 second, TE 80 msec for T 2 , respectively. The acquisition parameters for each diffusion weighted image were: TR 1.5 sec, TE 80 msec, gradient strength 3.2 gauss/cm, ␦ 15 msec, and ⌬ 38 msec. The total time needed for a single DWI was approximately 13 minutes.
Three-Dimensional Anisotropy Contrast Image Processing
Each anisotropic DWI was first processed by conventional twodimensional Fourier transformation. Trapezoid apodization was applied to suppress high noise signals of the first and last 10 points of each echo signal. Spatial resolution of each axial gray-scaled DWI image was then enhanced from a 256 ϫ 256 matrix to a 512 ϫ 512 matrix by interpolation. Subsequently, three primary colors-red, green, and blue-were assigned to the gray scale of the three axial, x-, y-, and z-axes, anisotropic DWIs, respectively. These three primary color images were then combined pixel by pixel to form a single color image in full visible color spectrum. Because the sum of the three primary colors of identical intensity results in cancellation (white out), the process effectively eliminates isotropic components and terms (isotropic elimination). As a result, each pixel exhibited a color of a unique frequency, according to the balance of red, green, and blue, reflecting the direction of anisotropy. The final images were displayed negatively to obtain a one-to-one correlation between the red, green, and blue colors and the x-, y-, zaxes, respectively. It is apparent that in addition to isotropic elimination, the trichromatic properties of color play a role in the threedimensional display of There is remarkable resolution of the normal anatomy of the rat spinal cord (Fig. 2) . Color-coded directional information regarding anisotropic motion corresponds highly to the direction of the fiber tracts. The long-tract fibers in the posterior column, ventral funiculus, and lateral funiculus exhibited a blue-dominant (z-directional) hue. The subsections of the posterior column (dorsal corticospinal tract, cuneate fasciculus, gracile fasciculus) can also be clearly identified. 10 The gray matter exhibited more isochromatic colors, reflecting a lesser degree of fiber density. Nevertheless, the layers of Rexed 10 of the gray matter were still distinguishable by intensity differences of similar color frequencies. Layers 5 and 6, which have the lowest fiber density, appeared most isochromatic and least intense, whereas the color intensity of layers 1 through 4, and 7 indicated a higher density of fibers in the vertical (y-axis) direction.
The areas which exhibited significant anisotropy before death, such as the cuneate fasciculus, lateral funiculus, and ventral funiculus, rapidly lost their anisotropy during the first 2 hours postcardiac arrest and reached a plateau by the 4th hour post mortem (Figs. 3 and 4) . Interestingly, these areas did not become completely isochromatic and retained some degree of anisotropy. Because significant morphological changes cannot be detected by conventional histological examination during this early postmortem period, the findings indicated that alteration in anisotropy detected by 3DAC during the first 2 hours post mortem probably reflected alteration in physiological rather than morphological properties of neuronal fibers. In contrast, anisotropy retained by these areas at 4 hours post mortem may reflect the degree of anisotropy that depended on the morphological properties of neuronal fibers.
Discussion
Intravoxel anisotropic water motion produces signal attenuation of DWIs that is dependent on the direction of the diffusion gradient pulses applied. 5, 7, 11, 13, 14 Such directional dependency is believed to be due to anisotropic water motion in neuronal fibers and, hence, can be used for the determination of neuronal fiber orientation. Strictly speaking, anisotropic apparent diffusion coefficients have to be treated as a second-order tensor, not scalar, and, therefore, determination of fiber-tract orientation requires full treatment of the apparent diffusion tensor D app . This process is often cumbersome and impractical, if not impossible, for clinical application. 2, 6, 8, 9 Our 3DAC technique allows for extraction of the anisotropic apparent diffusion vector D app A by elimination of isotropic components by utilizing the trichromatic property of visible light (see Appendix 2). The technique is simple and immediately applicable to the clinical setting. 15, 16 Magnetic resonance axonography based on 3DAC appears to be the ideal imaging technique for spinal cord anatomy. As a part of MR imaging, MR axonography is entirely noninvasive and easily implemented. The spinal cord is characterized by various long tract fiber tracts providing a high degree of tissue contrast suitable for 3DAC. The current study further indicates that 3DAC detection sensitivity of pathological alteration is especially high for long tract fiber tracts, which are susceptible to many of the spinal cord diseases. Considering that alteration in anisotropy detected by 3DAC reflects alteration in physiological, not morphological, properties of neuronal fibers, MR axonography is especially attractive in detecting early stage axonal degeneration for which no noninvasive imaging technique has proved to be useful.
Although as yet speculative and controversial, 3, 12 there are two leading candidates thought to be responsible for the observed anisotropy, namely, axoplasmic flow and restricted diffusion due to the myelin sheath. Using the typical diffusion time utilized in DWI, diffusion length (one-directional) can be estimated to be in the range of 12 to 18 m. 15, 19 Because the diameter range of axons and dendrites is 2 to 10 m, 17 it is natural to consider that
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Magnetic resonance axonography water diffusion in axons may indeed be subject to severe restriction in the axial direction. Organelles within the axon are estimated to move at a rate in excess of 400 mm per day. 18 All axonal transport of substrates is accompanied by coherent movements of cytosolic water molecules known as axoplasmic flow. This microscopic flow of water molecules in axons may represent intravoxel anisotropic motion that is responsible for the directional dependency of apparent diffusion coefficients in axons. Changes in anisotropy shown in this study indicate that there may indeed be two significant factors that simultaneously accounted for the observed anisotropy in neuronal fibers, one related to physiological properties and one to morphological properties. The rapid reduction in anisotropy during the first 2 hours post mortem may have been caused by changes in axoplasmic flow, whereas the residual anisotropy 4 hours post mortem may reflect restricted diffusion.
In summary, MR axonography using the 3DAC MR imaging method is a powerful, noninvasive tool capable of providing superb anatomical detail of the spinal cord in live animals. The 3DAC contrast is also highly sensitive for detecting pathological changes, thus leading to a wide range of clinical applications for 3DAC MR imaging. The current study also indicates that at least two independent factors appear to account for the observed anisotropy of water motion in neuronal fibers.
Appendix 1
For a complete description of certain properties in physics such as anisotropic molecular diffusion, a set of nine numbers (scalar) is required. Such a set of numbers is often expressed in 3 ϫ 3 matrix form and called a "tensor," similar to a vector, which is a property expressed by a set of three numbers. Because the general definition of tensor is a set of 3 n numbers in which n is an integer, strictly speaking, a 3 ϫ 3-matrix tensor should be called a second order (n = 2) tensor, whereas the scalar and vector are zero and first order tensors, respectively. For convenience, however, the property referred to as tensor without specification of its order is accepted to be a second-order tensor, namely a 3 ϫ 3-matrix tensor.
Appendix 2
For further mathematical formalism, the readers are referred to reference number 15 and Nakada T: U.S. Patent Application UC 94-120-1.
The nervous system can be considered to consist of i elements of isotropic and j elements of anisotropic components. (For example, cell bodies of neurons are considered to be isotropic components, whereas axons are considered to be anisotropic components one principal axis direction, the tensor matrix of an anisotropic component has eigenvalues of 1 Ͼ 2 = 3 . The latter allows for separation of the tensor matrix into the linear sum of anisotropic and isotropic terms. The process is easily appreciated in tensor algebra under principal axes: in which ␣ = 1 Ϫ 2 , ␤ = 2 , and I is the identity matrix. 
